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I. PROJECT SUMMARY 
Life-history trade-offs have been the subject of numerous studies, but few have 
addressed the physiological mechanisms that underlie trade-offs. This proposal focusses on 
the hormone testosterone because it has such diverse effects on behavior, physiology, and 
morphology, and because these effects have the potential to be both beneficial and 
detrimental with respect to longevity and reproductive success. Hormonal manipulations 
provide the opportunity for an experimental approach to life history evolution. By creating 
novel phenotypes and comparing their attributes and fitness to those of prevailing 
phenotypes, we can hope to understand the persistence of the prevailing phenotype. We will 
manipulate plasma testosterone in a free-living bird, the dark-eyed junco (Junco hyemalis), 
and document the effects of the treatment on behavior and physiology, including allocation of 
time to mating effort vs. parental effort, use of space, levels of activity, food consumption, and 
several indices of physical condition. We will then compare treated birds to controls for 
various measures of fitness, including fertilization success as revealed by DNA fingerprints 
and survival of fledglings to independence. By studying how selection shapes patterns of 
hormone secretion, we hope to advance understanding of the compromises leading to 
integrated organismal function. 
II A. RESULTS FROM PRIOR NSF SUPPORT - KETTERSON AND NOLAN 
1. Award number: BSR 87-18358 to Ketterson and Nolan 
Amount: $215,512, plus two REU supplements totalling $16,080 
Period of support: January 1, 1988 - 31 May 1991 
Title of project: Endocrines and Life History 
2. Summary of results of completed work: 
A. Background 
When we began this project in 1987, much was known of the role of testosterone (T) 
in the reproductive physiology and behavior of male birds in the laboratory (for review, see 
Balthazart 1983), but much less was known of its effects on behavior in the field, and only a 
few field studies had addressed the association between T and fitness. Wingfield (1984) had 
shown that treatment with exogenous T caused males of some monogamous species to 
become polygynous, and Silverin (1980) and Hegner and Wingfield (1987) had shown that it 
caused males of other species to devote less time to parental behavior. This suggested the 
existence of a possible trade-off between the advantages of multiple-mate acquisition and the 
advantages of male parental care. No study had attempted to make simultaneous 
measurements of the effects of T on behavior, physiology, and potential correlates of fitness 
in a single species over the course of a breeding season or across years. Consequently, we 
set out to determine for a mountain population of the dark-eyed junco, Junco hyemalis, (a) 
what maintains the status quo in terms of levels and patterns of T secretion, and (b) the 
nature of the relationship between T and the junco's apparently monogamous mating system, 
which is coupled with male parental care. 
Our approach was to treat male juncos with silastic implants, some empty and some 
packed with testosterone. The timing of implanting varied among years and depended upon 
the question being posed. In 1987 and 1988, birds were treated in May and June after 
territories had formed. In 1989 and 1990, treatment began in March and April prior to or 
during territory formation. The implants were designed to maintain plasma levels of T at the 
early spring maximum for the entire breeding season. We compared experimentals and 
controls for a series of physiological and behavioral measures and attempted to relate any 
differences to measures of fitness including mate retention, condition of the female, polygyny, 
growth and survival of offspring, and male survival. 
B. Results to date 
(1) Behavior (Results in this section appear in Ketterson et al., ms a.) 
We observed behavior at the nest in 1987 and 1988, calculating rates of food delivery 
to nestlings by males and females and also counting songs sung by males. We found that 
treatment with T tends to increase song rate and to suppress feeding behavior (Fig. 1, parts 
1, 2, 3, repeated measures anova, p < 0.05). Male juncos typically are responsible for 50% 
of the feedings received by nestlings, but T-implanted males reduce feedings to only 25-30%. 
Despite this, the total number of feedings did not differ between treatment groups, rather 
females of T-males compensated for their mates by increasing their own rates of food delivery 
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(Fig. 1, part 3). This effect on female behavior of treating males with T was particularly 
striking when the nestlings were very young (first third of nestling interval) and in the three 
days before they left the nest (third third). 
We know very little about behavior of males when they are away from the nest, or 
while dependent fledgling young are still on the territory, and one of our objectives in the 
current proposal is to track the behavior and movements of males at these times. 
(2) Physiology (Results are in Ketterson et al. ms b, except where noted.) 
To be sure that our implants were effective, we recaptured and bled implanted males 
during 1987 and 1988 and assayed plasma for testosterone using radioimmunoassay (RIA). 
To estimate how quickly our implants took effect and to measure the effect of implants of 
different lengths, we also measured testosterone at 24-hour intervals in captives. As 
expected, T-implant males had higher testosterone than control males when both groups 
were tending nestlings (Fig. 2, part 1). Further, we found that the response to implant was 
very rapid (less than 1 day). 
Unexpectedly, we found that T-implanted males, both free-living and captive, had 
higher levels of corticosterone than controls (Fig. 2, part 2). To our knowledge, this is a novel 
result, and we know of no mechanism whereby T could directly influence the secretion of 
corticosterone. The effect is consistent with an adrenal response to stressful social 
encounters engendered by T-induced alterations in behavior. A consequence of this elevated 
corticosterone is the possibility that T may lead indirectly to compromised immunity and 
lowered resistance to disease (see below). Thus, these data reveal a potential cost to T. 
Also unexpectedly, T-males implanted in early spring of 1989 lost more mass after 
implant than did control males (Fig. 2, part 3). The difference, although not great 
(approximately 1.5 g), was associated with lower subcutaneous fat in T-males. Birds with less 
fat might suffer during periods of cold, snowy weather, which occur in the mountains in late 
spring. These data also reveal a potential cost to T. 
Also in 1989, we collected 211 more blood samples to assay for T and corticosterone. 
Many of these were collected in early spring (March-April-May) during territory formation and 
at a time when we had not previously monitored T-levels. These samples have been assayed 
and the data analyzed, but not yet submitted for publication. They substantiated the findings 
that implants elevate T and that T-males have higher values of corticosterone. They also 
showed that peak levels of T exhibited by controls in early spring are similar to those induced 
by our implants (compare average and maximal plasma values of T in control males in Fig. 3 
with T-males in Fig. 2, part 1). 
Additionally, in 1989 we began a collaboration with Dr. Wesley W. Weathers of the 
University of California, Davis, using doubly-labelled water to measure field metabolic rate 
(FMR). We injected and bled 22 birds and captured them 24 hours later to take a second 
blood sample. Weathers analyzed the samples and used microclimatic data to partition FMR 
into Standard Metabolic Rate (SMR), thermostatic costs, and activity costs. Although there 
was no sexual difference in FMR -- e.g., for adults tending nestlings, the female rate was 89.3 
kj/day (n=5, s.e.=3.36) and the male rate was 88.5 kj/day (n=4, s.e.=1.77) -- we did observe 
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a significant sexual difference in activity costs (= FMR - estimated SMR) when stages of 
reproduction were combined. Again, unexpectedly, the rate was higher in females than males 
(manuscript in preparation). The data were not sufficient to permit a conclusion about whether 
T influences FMR in males. 
As another physiological measurement, in 1990 we examined the effect that T-implants 
have on post-nuptial molt. The implants were introduced in April and early May and left in 
until October (instead of July/August, as before). Among 20 males examined in October (10 
T-males, 10 controls), postnuptial molt was significantly delayed in T-males. The slowest 
molting control male was farther along in molt than the most advanced T-male, and most T-
males had not begun to molt at all (manuscript in preparation). These data too suggest a 
disadvantage of elevated T, since unmolted males or partially molted males would surely 
suffer both aerodynamic and thermoregulatory costs in severe weather. 
(3) Potential consequences for fitness (These results appear in Ketterson et al. ms. 
a, unless otherwise noted. 
(a) Survivorship: When implants are inserted in late spring (May) and removed in 
July/August, we have seen no negative effect of T on tendency to return in the year following 
treatment (Ketterson et al. ms b). Of 31 T-males treated in 1987 and 1988, 22 returned in the 
following years (71%), while 17 of 29 control males (59%) returned (n.s.). The effect of the 
hormone on survival would, however, be expected to vary with season. As noted, if T 
remained high in autumn, birds with suppressed molt would almost certainly be less likely to 
survive the winter, and those with elevated T in early spring would probably be at increased 
risk, given the effect of T on energy reserves (fat) at that time. 
(b) Polygyny: We detected no cases of polygyny in either treatment group, although 
polygyny occasionally occurs in this species. In spring 1989 we treated 96 males with 
T-implants and 98 males with empty implants. Not all of these birds entered the breeding 
population on the study area, but none that we followed closely throughout the season (20 
T-males and 21 controls) became polygynists. 
Since we began this work it has become clear that counting a male's mates or the 
offspring found in his nest is only an approximation of his reproductive success. Therefore, 
one of our next objectives is to measure the effect of T on fertilization success using genetic 
analyses (DNA fingerprinting). 
(c) Dispersal after nest-failure: We asked whether females potentially constrain males 
to perform parental care by deserting males that fail to provide their fair share of feedings. We 
simulated nest predation by removing the young from the nest (and hand-raising them) just 
before they would have fledged naturally. We found that females of T-implanted males were 
not more likely than females of control males to abandon their males after nest failure and 
form new pairs on other territories (1 of 21 mates of T-males dispersed after nest failure, 0 of 
13 mates of controls). Because the data on feeding rates make it clear that females are 
"aware" that T-males are making smaller investments (i.e., females compensate when males 
reduce feeding), we conclude that females make re-mating decisions on bases other than the 
level of male parental effort. 
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(d) Reproductive success: There were no significant differences between treatments 
in number or quality (mass) of nestlings produced, female mass at fledging, female delay 
before nesting again, or clutch size in the subsequent nest (Table 1). The power of these 
tests varied, but using the following criterion -- power greater than 0.8 to detect a 20% 
difference in the means -- we feel confident that females were able to compensate fully for 
decreased male investment with respect to quality of nestlings produced and female mass at 
fledging (Table 2). That is, in the years of our study, there was little evidence for a decrease 
in either current or future reproductive success. 
However, an effect might be detectable in other years. Further, our removal of 
nestlings to simulate predation prevented us from measuring survivorship of fledglings. Male 
removal experiments indicate that fledglings of unassisted female juncos have lower 
survivorship (Wolf et al. 1988). Therefore, elevated T may have this cost, and one of our 
current objectives is to compare treatments for the survival of fledglings. Also, as indicated, 
we will compare certainty of paternity in T-males and controls. 
C. Discussion 
We believe that we have made considerable progress in our efforts to determine the 
interplay of selective factors that may be influencing patterns of testosterone secretion in 
juncos. 
Elevated T does not appear to have a cost in terms of reproductive success. This 
would imply that male juncos could rear more offspring per breeding season if they could 
attract additional mates, even if mate attraction required them to devote less care to offspring. 
This suggests that selection might favor males with higher T. However, we do not yet know 
whether the effect of T varies among years or whether it can influence certainty of paternity, 
and we do not know whether it leads to behavioral changes that alter fledgling survival. 
Elevated T may be costly in terms of longevity, as suggested by the relationships we 
observed between T and (a) corticosterone, (b) timing of weight loss during spring, and (c) 
timing of molt. Our data on annual return rates do not yet indicate a relationship between T 
and mortality, but these data were from birds treated during summer only. 
In the next three years we will pursue the implications of the differences in physiology 
and behavior that we have documented and continue to relate these to potential differences 
in fitness. 
D. Contribution to the development of human resources 
During the period covered by BSR 87 18358, Ketterson and Nolan served as advisors 
of 10 graduate students (4 female, 6 male) and three post-doctoral students (2 female, 1 
male). During the regular academic years we also supervised the undergraduate research 
projects of ten individuals (4 female, 6 male, including one Asian-American and one African-
American). The NSF project employed 11 summer field assistants. These were primarily 
undergraduates (Indiana University, Wesleyan University, University of Virginia, University of 
Illinois), but they also included two high school teachers and a college teacher (from the total, 
5 female, 6 male). We believe all these people benefitted from the opportunity to do research 
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in the field and from life at a biological station. We also believe that some of the 
undergraduates may elect to become scientists when they would not otherwise have done 
so. All will share with others their knowledge and enthusiasm for science. 
3. Publications resulting from BSR 87 18358 
Publications/manuscripts from this work fall into two categories. First are those 
resulting directly from the objectives stated in BSR 87 18358 and the work giving rise to them. 
These are indicated with an asterisk (*). Second are those resulting from our ongoing efforts 
to understand the behavior and population biology of the junco, including its migratory 
behavior. These were produced during the grant period and could not have proceeded if we 
had not been funded. 
*Ketterson, E.D., Wolf, L., Nolan, V. Jr., and Charles Ziegenfus. ms. a. Testosterone 
and avian life histories: the effect of experimentally elevated testosterone on 
behavior and fitness in the dark-eyed junco. To be submitted to Amer. Nat., 
February 1991. 
*Ketterson, E.D., Wolf, L., Nolan, V. Jr., Ziegenfus, C, Dufty, A.M., Ball, G. and T. 
Johnsen. ms. b. Testosterone and avian life histories: the effect of 
experimentally elevated testosterone on corticosterone, body mass, and annual 
survivorship of male dark-eyed juncos. Submitted to Hormones and Behavior. 
*Ketterson, E.D., Nolan, V. Jr., Ziegenfus, C., and D.P. Cullen, and M.C. Cawthorn. 1991. 
Attributes of yearling dark-eyed juncos that acquire breeding territories. Proc. XX 
International Ornithological Congress, in press. 
*Wolf, L., Ketterson, E.D., and V. Nolan Jr. 1991. Female condition and delayed benefits to 
males that provide parental care: a removal study. Auk, in press. 
Nolan, V. Jr. and E.D. Ketterson. 1991. An experimental study of winter site fidelity in young 
dark-eyed juncos. Ethology, in press. 
Cristo!, D.A., Nolan, V., Jr. and Ketterson, E.D. 1990. Effect of prior residence on dominance 
status of dark-eyed juncos (Junco hvemalis). Animal Behaviour 40:580-586. 
*Ketterson, E.D., Nolan, V., Jr., Wolf, L., and A. Goldsmith. 1990. Effect of sex, stage of 
reproduction, season, and mate removal on prolactin in Dark-eyed Juncos (Junco 
hvemalis). Condor 92:922-930. 
Ketterson, E.D. and V. Nolan Jr. 1990. Site attachment and site fidelity in migratory birds: 
experimental evidence from the field and analogies from neurobiology. pp 117-129 in: 
Bird Migration, E. Gwinner (ed.). Springer Verlag, Berlin. 
Nolan, V., Jr. and E.D. Ketterson. 1990. Timing of autumn migration in relation to the 
winter distribution of the sex-age classes in the Dark-eyed Junco (Junco  
hvemalis). Ecology 71:1267-1278. 
6 
*Wolf, L., Ketterson, E.D., and V. Nolan Jr. 1990. Behavioural response of female dark-eyed 
juncos to the experimental removal of their mates: implications for the evolution of 
male parental care. Animal Behaviour 39:125-134. 
Nolan, V. Jr. and E.D. Ketterson. 1990. Effect of long days on molt and autumn migratory 
state of site-faithful dark-eyed juncos held at their winter site. Wilson Bull. 102:469-
479. 
Rogers, C.M., T. Theimer, V. Nolan Jr., and E.D. Ketterson. 1989. Does dominance 
determine how far dark-eyed juncos (Junco hyemalis) migrate into the winter range? 
Animal Behaviour 37:498-506. 
*Wolf, L., E.D. Ketterson, and V. Nolan Jr. 1988. Paternal influence on growth and survival of 
dark-eyed junco young: do parental males benefit? Animal Behaviour 36:1601-1618. 
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II B. RESULTS FROM PRIOR NSF SUPPORT - RABENOLD 
1. Award number: BSR 8818038 to KN Rabenold, PP Rabenold, DJ 
Minchella. 
Amount: $288,059 
Period of support: March 1, 1989 - February 28, 1992 
2. Title of project: Genetic Structure in Cooperative Societies 
3. Summary of results of completed work: 
In the first two years of this project, building on the previous decade's work on this 
system, we have accomplished many of our goals and are well on the way to extending the 
work beyond the scope of the original proposal. We proposed to "evaluate genetic 
relatedness among individuals in cooperative social groups and the implications of kinship for 
the evolution of cooperation. Using DNA fingerprinting it will be possible to establish whether 
social dominants are the only reproductives in family groups of tropical wrens in the genus 
Campylorhynchus, and whether putative nonbreeders are aiding in rearing siblings." This test 
of monogamy was the primary objective because the test of inclusive fitness theory that this 
form of cooperative breeding presents is completely dependent upon knowledge of the 
breeding system. We have substantially exceeded the promised sample sizes: our paper 
published recently in Nature reports on 22 families of C. nuchalis and we can now at least 
double that number with samples in hand. We have found, briefly, that auxiliary males 
previously thought to be nonreproductive are in fact fathering some young in groups where 
the principal male is likely their father and the principal female is unrelated. We estimate that 
10% of the young in the population result from these extra-principal matings and that this 
share of reproductive activity compensates males in groups with immigrant principal females 
for delays in dispersal and attainment of principal status. It is not, however, a sufficient 
explanation for helping by all males, nor especially for helping by female auxiliaries. Since 
female principals do not share reproductive status, the previously reported extreme 
competition among young females for principal status in large successful groups is 
understandable. We have also found that families in which the principal female is a recent 
immigrant, and therefore unrelated to auxiliaries, exhibit greater conflict among the males 
regarding access to the principal female. 
Extension of breeding status to some auxiliary males in these social groups changes 
estimates of the balance of selective forces favoring sociality in this species by increasing the 
direct benefit of producing offspring while in a subordinate position. This also increases the 
contrast between males and females in the routes to biological fitness characteristic of the 
sexes. We are developing analytic and simulation models of the implications of this more 
egalitarian breeding system, and this will be a major activity in the third year, along with 
analysis of the new samples of families obtained in the 1990 reproductive season. We have 
samples from 47 families of the congener C. griseus in a completely color-marked block of 
80 groups that will be analyzed in the coming year. Preliminary analyses of these samples 
show some extra-principal fertilization in this social species as well. 
We have discovered female-specific fragments in some enzyme digestions of C. nuchalis 
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DNA that contain the sequence detected by one of Jeffreys' probes for hypervariable 
minisatellite loci. These W-chromosome minisatellites are polymorphic, with 14 haplotypes 
detected to date in several study populations. These matriline markers promise to be very 
useful in addressing fundamental differences among populations that can be related to the 
known viscosity of dispersal. We have found that distances of several kilometers are 
sufficient to produce substantial genetic differentiation and that tens of kilometers produce 
striking differences. These novel markers are suitably polymorphic (more so than 
mitochondrial DNA, but less than autosomally-derived hypervariable minisatellite loci), and the 
demographic structure of these populations is well enough monitored, that we can begin to 
quantify the effects of gene flow on genetic structure of populations. 
Field experimentation has been focused on C. griseus (also supported by a doctoral 
dissertation improvement grant to J. Haydock). Removal experiments designed to provide 
comparison with C. nuchalis show that reactions of young females to breeding opportunities 
depend both on the quality of the opportunity (number of helpers in the target group) and the 
quality of the opportunity for helping in the natal group (the sufficiency of other helpers in the 
group). Predator presentation results provide contrasting results to those with C. nuchalis in 
that the mechanism of group defense against predators appears quite different. Predator 
exclusion experiments extend previously published results by demonstrating strong effects of 
mechanical protection of nests. These experiments are ongoing and will be concluded in the 
third year of the project. 
4. List of publications acknowledging this NSF award (or those from the immediately 
preceding award which made this work possible): 
Zack, S. and K.N. Rabenold. 1989. Assessment, age and proximity in dispersal contests 
among cooperative wrens: field experiments. Animal Behaviour 38:248-261. 
Rabenold, K.N. 1990. Campylorhynchus wrens: the ecology of delayed dispersal and 
cooperation in the Venezuelan savanna. In: Cooperative Breeding in Birds: Long-term 
Studies of Ecology and Behavior. P.B. Stacey and W.D. Koenig, eds., pp. 159-196. 
Cambridge Univ. Pr. 
Rabenold, P.P., K.N. Rabenold, W.H. Piper, J. Haydock & S.W. Zack. 1990. Shared paternity 
revealed by genetic analysis in cooperatively breeding tropical wrens. Nature 
348:538-540. 
Rabenold, P.P., W.H. Piper, M.D. Decker & D.J. Minchella. In press. Polymorphic minisatellite 
amplified on avian W. chromosome. Genome. 
Rabenold, P.P., K.N. Rabenold, W.H. Piper & D.J. Minchella. In press. Density-dependent 
dispersal in social wrens: Genetic analysis using novel matriline markers. Animal 
Behaviour. 
Rabenold, P.P., K.N. Rabenold, W.H. Piper, M.D. Decker & J. Haydock. In press. Using DNA 
fingerprinting to assess kinship and genetic structure in avian populations. Proc. Int. 
Congr. Syst Eva Biol. IV (The ecology and evolution of small populations.) 
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III. PROJECT DESCRIPTION 
A. INTRODUCTION 
Fitness costs that occur when a beneficial change in one trait is linked to a detrimental 
change in another are referred to as trade-offs (Stearns 1989). Without trade-offs "selection 
would drive all traits correlated with fitness to limits imposed by history and design." (Stearns 
1989). The persistence of variation in fitness-related traits suggests that an understanding of 
the nature of trade-offs is central to an understanding of how organisms function and evolve. 
Trade-offs in life history evolution have been the subject of innumerable studies and 
several recent reviews (Dingle and Hegmann 1982, Reznick 1985, Partridge and Harvey 1988, 
Stearns 1989). Many workers have focused on the cost of reproduction, e.g., the effect of 
elevated clutch size on future survival and reproduction (e.g., DeSteven 1980, Nur 1984). 
Others have attempted to demonstrate a genetic basis for variation in life history traits (e.g., 
see papers in Dingle and Hegmann 1982). However, very little attention has been paid to the 
physiological mechanisms underlying trade-offs, particularly those associated with the 
endocrine system, and several investigators have recently called for more work in this area 
(Stearns 1989, Zuk et al. 1990, Ligon et al. 1990, West-Eberhard 1990). 
The dearth of hormonal studies is surprising because hormones are known to produce 
correlated effects with potentially antagonistic fitness consequences - the very thing you 
would hope to demonstrate when seeking trade-offs. In birds, for example, the hormone 
testosterone promotes courtship behavior but inhibits parental behavior (Wingfield et al. in 
press, Ball in press), an effect that closely mirrors the well documented inverse association 
between mating effort and parental effort (e.g., Vehrencamp and Bradbury 1984, Emlen and 
Oring 1977, Oring 1982). It is also surprising because, in terms of levels of organization, 
hormones lie between genes and life history traits, but hormones are much easier to 
manipulate than genes. 
In fact, hormonal manipulations may hold much promise for an experimental approach 
to life-history evolution (Stearns 1989, Wingfield et al. in press), because they permit a form of 
phenotypic engineering in which the investigator can produce and track novel phenotypes. 
By comparing the attributes, and sometimes the fitness, of these novel phenotypes to those 
of unaltered controls, it is possible to probe the question of why existing phenotypes persist 
when alternative phenotypes are possible. 
The work to be described in this proposal focusses on the hormone testosterone 
(hereafter, T), which is known to produce concerted effects on morphology, physiology and 
behavior. We have been examining the effects of experimentally elevating plasma 
testosterone on the behavior and physiology of a male bird. Some of these effects are 
potentially beneficial; others may be costly. By attempting to assess the full array of 
phenotypic effects that follow from treatment with testosterone and by seeking to determine 
their net influence on various measures of fitness, we hope to learn more about how evolution 
shapes behavior, breeding schedules, mating systems, and lifespan. We believe that studies 
of the sort described here have the potential to reveal much about how evolution has led to 
integrated organismal function, and how correlations among traits may serve to maintain the 
organismal status quo in the face of variable environments. 
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B. GENERAL AND SPECIFIC OBJECTIVES 
Our general objective is to enhance understanding of the mechanisms involved in the 
evolution of trade-offs in life histories. We hope also to learn more about how hormones 
influence behavior and physiology and how hormonal systems evolve. 
Our approach has been to treat male dark-eyed juncos (Junco hyemalis) with silastic 
implants of testosterone (1-males). The implants are designed to maintain plasma levels of T 
at the natural early-spring physiological maximum for the entire breeding season. We can 
then compare the physiological and behavioral attributes of experimentals to the attributes of 
controls treated with empty implants, and we can attempt to relate differences to measures of 
male fitness (see RESULTS FROM PRIOR NSF SUPPORT, Ketterson et al. ms. a and b). 
During the period covered by this proposal, we have the following specific objectives: 
1. We propose to continue investigation of the effects of treatment with testosterone 
on the behavior of male juncos. At present we know that T-male juncos feed their nestlings 
less frequently than controls and tend to sing more frequently (Fig. 1, Ketterson et al. ms. a). 
We know much less of their behavior away from the nest, which we intend to quantify by 
means of focal male watches. We will also use radio transmitters in order (a) to determine 
whether T-males spend more time off territory or range more widely than controls and (b) to 
quantify their use of space in general . Together these data should reveal how T affects time 
allocation, and whether it influences the ability of males to defend space or to invade the 
space of other males. 
2. We propose to continue investigation of the effects of treatment with testosterone 
on the physiology of juncos. To date we have shown that free-living T-males weigh less in 
early spring and carry less visible fat than controls (Fig. 2, Ketterson et al. ms b). T-males 
also have higher levels of corticosterone than controls (Fig. 2, Ketterson et al. ms b), and this 
elevation of corticosterone has potential implications for health and longevity. We will attempt 
to determine the interaction of testosterone and body mass by measuring food consumption 
and activity levels, both in captives and in the field. We will also attempt to determine the 
interaction of testosterone, corticosterone, and disease by measuring the occurrence of 
coccidial oocysts (an intestinal protozoan parasite) in fecal samples of free-living T-males and 
controls as well as among captives. Further, we will look for indications of compromised 
immunity by determining the ratio of heterophils to lymphocytes among the white blood cells 
of both treatment groups. 
3. We propose to continue investigation of the effects of treatment with testosterone 
on measures of fitness. To date, we have found no effect of testosterone treatment on 
longevity or current reproductive success, but much remains to be done to clarify the 
relationship between T, survival, and reproductive success. Thus far our studies of paternal 
behavior have ended when the young left the nest (at fledging), yet we know that the period 
of fledgling dependence on parental care is one of high mortality for young of this species 
(Wolf et al. 1988). Consequently, we intend to compare fledgling survival in broods 
apparently fathered by 1-males and controls. 
More fundamentally yet, we propose to measure paternity. Apparent mating 
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associations ("social mates") are proving to be a poor predictor of paternity in birds (Gowaty 
and Karlin 1984, Burke and Bruford 1987, Burke 1989, Burke et al. 1989, Westneat et al. 1990, 
Rabenold et al. 1990, 1991 a, 1991 b, 1991 c, preliminary data on juncos). It has become 
clear that without genetic studies, we really have no idea of the accuracy of our estimates of 
reproductive success. We therefore propose to use DNA fingerprinting (Jeffreys et al. 1985) 
to determine whether testosterone influences paternity and the occurrence of extra-pair 
fertilizations. 
C. RELATION TO PRESENT STATE OF KNOWLEDGE 
About testosterone 
Like other hormones, testosterone is remarkable because it is effective in such small 
quantities and has such a wide array of behavioral, morphological, and physiological traits. 
To an evolutionary biologist, it is one of the most interesting hormones because it is so 
intimately associated with reproduction (for reviews see Nalbandanov 1976, Epple and 
Stetson 1980, Adler 1981, and Balthazart 1983). 
Testosterone is secreted by the testes in response to gonadotropins, which are 
produced by the pituitary. T enters the circulation and influences cellular activity at target 
tissues in the central nervous system (e.g., many nuclei in the brain) and in the periphery 
(e.g., gonads, syrinx, integument, musculature). Individuals may vary in their responsiveness 
to gonadotropins, rate of secretion of testosterone, half-life of T in the circulation, density of 
receptors at the target, affinity of receptors for the hormone, activity of the enzyme 
responsible for metabolic conversion of the hormone, etc. Thus, the potential for complex 
interactions is great, and the interactions are certain to be critical to a full understanding of 
integrated organismal function. Values for many of these regulatory variables, e.g., density of 
receptors, cannot be known for animals that remain alive in the field. Fortunately, however, 
plasma concentrations of T in free-living animals can be determined relatively easily and have 
been shown to correlate with many functional aspects of behavior and physiology. 
In birds, testosterone affects parental behavior (Silverin 1980; Hegner and Wingfield 
1987, Oring et al. 1989), vocal behavior (Arnold 1982, Wada 1981, 1982, 1986, Harding et al. 
1988, Gyger et al. 1988), and aggressive behavior (Balthazart, 1983, Wingfield et al. 1987, in 
press, Archawaranon and Wiley 1988; Beletsky et al. in press). In terms of physiology, it 
increases locomotor activity (Wada 1982, 1986, Masa and Bottoni 1987) and metabolic rate 
(Hannsler and Prinzinger 1979, Feuerbacher and Prinzinger 1981), and it suppresses lipid 
storage (Wingfield et al. 1984, Ketterson et al. ms. a) and the onset of postnuptial molt 
(Runfeldt and Wingfield 1985, Schleussner et al. 1985, Ketterson and Nolan, in prep.). (For 
examples from other vertebrate groups see, Fox 1983; Townsend and Moger 1987; Marler 
and Moore 1988a, 1988b, 1989). 
The question of whether there is a genetic basis for intraspecific variation in plasma 
testosterone has received little study, but workers have found much evidence in support of a 
genetic basis to individual variation in aggressive behavior, which is heavily influenced by T 
(e.g., Moss et al 1982, Boag 1982, Maxson et al. 1983). In quail, selection for high mating 
frequency (also associated with T) leads to significant correlated responses in aggressiveness 
and in a morphological trait, the size of the cloacal gland (Sefton and Siegal 1975, 
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Cunningham and Siegal 1978). Therefore, it seems fair to assume that some of the natural 
variation in the male traits we are studying is genetic and that the traits could respond to 
selection. 
Testosterone and mating effort vs. parental effort 
It is widely known that the allocation of time to courtship vs. parental behavior covaries 
with mating system in birds. Males of polygynous bird species often provide less parental 
care than males of apparently monogamous species, and, unlike males of most monogamous 
species, they often continue to display after they have acquired their first mate (Nolan 1978, 
Vehrencamp and Bradbury 1984, Emlen and Oring 1977, Wingfield et al. in press). Recent 
studies have demonstrated a similar conflict in time allocation within species (Studd and 
Robertson 1985, 1988). Male yellow warblers (Dendroica petechia) vary in the brightness of 
their plumage, and a behavioral comparison of bright and dull males has shown that bright 
males spend more time displaying and behaving aggressively, while dull males spend more 
time foraging for their young (Studd and Robertson 1985, 1988). 
At the physiological level, there is much to suggest that testosterone is at least 
partially responsible for this tension between mating effort and parental effort (Wingfield et al. 
1987, in press, Wingfield in press). When seasonal profiles of plasma testosterone are 
compared between polygynous and monogamous species, males of polygynous species 
tend to exhibit sustained secretion of T at peak levels for much of the breeding season, 
whereas monogamous males exhibit a single peak early in the breeding season (review in 
Wingfield et al. 1987). The ratio of summer to winter levels also correlates with mating system 
and parental behavior. The higher the ratio, the more likely a species is to be polygynous 
(Wingfield et al. in press). However, an aggressive challenge (e.g., by an intruder) leads to a 
greater increase in T in monogamous than in polygynous species (Wingfield, in press). 
Apparently, polygynous males operate close to their physiologically maximum of T for most of 
the breeding season, while monogamous species maintain lower levels of T and secrete it "on 
demand." 
At the intraspecific level, very little is known about the quantitative relationship between 
natural variation in levels of T and behaviors related to mating effort and parental effort. 
However, a recent study of male red-winged blackbirds, has shown that T correlates both with 
song rate and with the frequency of aggressive interactions (Torgeir Johnsen, pers. comm.) 
Phenotypic manipulations and correlates of fitness 
Investigation of the potential trade-offs related to T can be framed in terms of mutant 
phenotypes: If a novel phenotype were to arise that was characterized by sustained elevated 
levels of testosterone, would that phenotype increase in frequency, i.e., spread in the 
population, or would it be at a disadvantage with respect to the prevailing phenotype? By 
producing a mutant phenotype experimentally, we can assess whether the induced behavioral 
and physiological changes are beneficial, neutral, or deleterious, and by assuming some 
genetic basis to natural variation in T (see above), we can ask how selection might act upon 
our hypothetical mutant. If, for example, T caused males to compete more effectively for 
mates or to be more attractive to females, and had no other effects, then a mutant phenotype 
might be expected to be successful. On the other hand, if T also depressed parental 
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behavior and decreased the survival of fledglings, indirect selection might prevent spread. 
Likewise, if T decreased male life expectancy, the mutant phenotype might not succeed. 
To date, manipulations of testosterone in free-living male birds have shown that T can 
influence the major components of fitness, namely the ability to acquire mates (e.g., Watson 
and Parr 1981; Wingfield 1984), to maintain territory (Beletsky et al. 1990), to produce 
offspring (Hegner and Wingfield 1987, Oring et al. 1989), and to survive (Dufty 1989). Some 
of the effects on fitness are negatively correlated — T increases the number of mates acquired 
by song sparrows (Melospiza melodia) but decreases survival of brown-headed cowbirds 
(Molothrus ater) -- indicating the potential for trade-offs. In the house sparrow, T-males reared 
fewer offspring to fledging than controls, because their mates were apparently unable to 
compensate for decreased male parental effort (Hegner and Wingfield 1987). Whether 
elevated T would be beneficial to male house sparrows in other contexts is not known, 
although Hegner and Wingfield (1987) speculated that T-males might be more successful in 
accumulating extra-pair fertilizations. 
These relationships between T and potential correlates of fitness are not confined to 
birds. In the mountain spiny lizard, Sceloporus, T-implanted males display more, have lower 
energy reserves, and experience higher mortality than controls (Marler and Moore 1988a, 
1988b, 1989). Whether they achieve more matings is not known. It seems that only by 
measuring a broad suite of characters and many components of fitness can we hope to 
understand how novel phenotypes might respond to selection, and, perhaps more 
importantly, how typical phenotypes are maintained. 
Phenotypic manipulations in juncos 
As summarized in Section II, Results from prior NSF support, and Figs. 1 and 2, we 
already know that treatment with T has various phenotypic consequences in juncos. Briefly, it 
suppresses paternal behavior toward nestlings, increases song rate, accelerates loss of fat in 
preparation for breeding, leads to elevated corticosterone, and postpones or prevents post-
nuptial molt (Ketterson et al. ms. a, ms. b). However, the potential fitness measures that we 
have investigated so far do not appear to be affected by elevated T, namely mate acquisition, 
willingness of females to re-mate with T-males, growth and survival of nestlings, and summer-
long survival (see Results from prior NSF support and Tables 1 and 2). It appears that males 
juncos could devote less time and energy to offspring without detrimental consequences, and 
it is not clear why they fail to take advantage of this "opportunity." 
The fact that we have not yet found detrimental consequences for fitness is open to a 
number of interpretations, but most of these can be assigned to the following categories: 
(a) We may have used the wrong measures of fitness. That is, T does affect fitness, 
but the measures of fitness we have used thus far are not the ones most sensitive to the 
behavioral and physiological changes we induced. Of the important correlates of fitness that 
remain to be studied, one is the survival of fledglings, and another is fertilization success; 
(b) Annual and temporal variation in selective regimes may explain our results to date. 
In the years of our study the treatment groups did not differ in reproductive success or 
survival, but in other years (or places), especially during stressful times, the differences in 
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behavior and physiology would have consequences for fitness. For example, if food were in 
short supply, reproductive success might have been lower in T-males, because their females 
would have been unable to compensate for reduced male parental care; or T-males might 
have suffered in early spring (starvation or loss of territory) because of lower fat reserves. 
(c) Chance may account for results. That is, a wide range of behavioral and 
physiological phenotypes may be effectively neutral with respect to selection. If this were 
true, then many of the important determinants of survival and reproduction in the field may be 
random events that override individual variation in behavior and physiology (i.e., independent 
of the individual's choice of behavioral options)(Grafen 1988). 
At this stage of our investigation, all of these possibilities have merit, and evolutionary 
biologists would disagree strongly among themselves as to which appealed to them as most 
likely. Our present strategy is to (a) measure other potential fitness correlates of T, 
especially the frequency of extra-pair fertilizations, (b) continue to monitor reproductive 
success in order to determine how much variability there is among years, (c) seek further 
phenotypic consequences of elevating T, both behavioral and physiological, and (d) remain 
open intellectually to the possibility that chance is a major determinant of reproductive 
success and survival. 
Testosterone and extra-pair fertilizations 
The past six years have revolutionized our understanding of avian mating systems 
(Gowaty and Karlin 1984, Burke 1989, Westneat et al. 1989, Rabenold et al. 1990, 1991 a,b,c). 
At the time we began this study, most behavioral ecologists believed that most male 
passerines formed monogamous pair bonds and fathered the young of their females. But the 
evidence, first from allozyme studies (e.g., Gowaty and Karlin 1984, Westneat 1987) and more 
recently from DNA fingerprinting (Quinn et al. 1987, Burke and Bruford 1987, Burke 1989, 
Burke et al. 1989, Westneat et al. 1990, Gibbs et al. 1990, Rabenold et al. 1990, 1991 a,b,c, 
our preliminary data on juncos presented below) has shown that extra-pair copulations 
(EPCs) and extra-pair fertilizations (EPFs) are quite common in a wide variety of species. As 
many as 40% of males in apparently monogamous species may care for offspring that they 
did not sire (Westneat et al. 1990). In fact, it is the exceptions - we know of three: the black 
vulture (Coragyps atratus, Rabenold et al. 1990a), the scrub jay (Aphelocoma c. coerulescens, 
Quinn et al. 1990), and the willow warbler (Phylloscopus trochilus, Gyllensten et al. 1990) -
that are now newsworthy. 
Of course, EPFs do not take on evolutionary significance until it is shown that they are 
distributed non-randomly i.e., that some genotype/phenotype combinations sire more 
offspring (by their own females and other females combined) than others. Whether 
testosterone can influence fitness in the field by altering the likelihood that a male sires 
offspring has not yet been studied, and we intend to make these comparisons using DNA 
fingerprinting (Jeffreys et al. 1985). 
The literature would lead us to expect that T-males might be more aggressive and/or more 
sexual than control males (numerous references in Balthazart 1983, Ligon et al. 1990) and 
therefore more persistent in their efforts to inseminate neighboring females. T-males might 
also be expected to be more resistant to territorial intrusions by neighboring males. If so, the 
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interaction of increased persistence and resistance would make T-males more likely than 
controls to copulate with their neighbors' mates and, while they were in their own territories, 
less likely to lose fertilizations to their neighbors. The literature might also lead us to expect 
that females might find T-males more attractive (Ligon et al. 1990) and, therefore, to be more 
likely to mate with T-males than with control males. 
However, there are alternatives to the possibility that T-males may father a greater 
proportion of their own young as well as a greater proportion of their neighbor's young. If, for 
example, T-males spent more time off territory seeking EPFs and were less effective at 
guarding their own mates than controls, then we might expect T-males to father more young 
in their neighbors' nests but control males to be more effective in protecting paternity in their 
own nests. A ramification might be that the targets of the T-males would prove to be the 
mates of other T-males rather than the mates of controls. We will attempt to distinguish 
among these alternatives, and others readily imaginable, by observing male behavior, tracking 
males on and off their territories, and determining paternity using DNA fingerprinting. 
Another issue is whether T affects fertility, whatever its effect on access to females. 
The literature does not present a clear picture of the relationship between T and fertility. 
Exogenous T has been variously reported to suppress, maintain, promote, or have no effect 
on spermatogenesis (summarized in Lofts and Murton 1973; more recent references include 
Desjardins and Turek 1977, Wilson 1988, Santulli et al. 1990). Results differ according to 
species, dosage (physiological vs. pharmacological), and stage of the annual cycle in which 
the hormone is applied. For example, it may be suppressive when applied early in the year, 
prior to gonadal recrudescence, and stimulatory when applied after the gonads have enlarged 
(e.g., Burger 1944, Lofts 1962). 
We do not expect our treatment to influence fertility because it mimics physiological 
levels (compare Figs. 2 and 3) and is applied at the time of year when T is at its natural peak. 
Further, we already know from the preliminary DNA analysis (see below) that T-males sired at 
least 9 of the 12 young in their mates' nests (see p. 23), as well as some in the nests of other 
males. We will, however, monitor this possible effect of exogenous T on fertility levels by 
measuring plasma concentrations of a gonadotropin (with the aid of J.C. Wingfield, see 
Appendix), relative sperm density by means of cloaca! lavage (Quay 1984 a,b, 1985, 1986, 
1987), and gonadal size (in captives) by laparotomy (Ketterson and Nolan 1986). Either 
enhanced or diminished fertility as a result of physiological doses of T could be of 
tremendous evolutionary importance. 
Testosterone and corticosterone 
In male juncos, treatment with T leads to higher circulating levels of corticosterone in 
both free-living males and in captives (Ketterson et al. ms b, Fig. 2). The cause of the 
increase is unknown, but it could be the result of behavioral changes induced by T. The 
hormone may cause males to be more active (Wada 1981, 1982, 1986, Massa and Bottoni 
1987), which can lead to increased secretion of corticosterone (Harvey et al., 1984), or to be 
more aggressive, which can have the same effect (e.g., Sopolsky, 1987). Whatever the cause 
of higher corticosterone, if the elevation indicates that T-males are under greater stress 
(Siegel, 1980), they may also be more prone to disease (e.g., Gross et al. 1980, Sturkie 1986, 
Chrousos et al. 1988). One measure of resistance to disease is the ratio of heterophils to 
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lymphocytes in the blood (Gross 1984, Campbell 1988), and we propose to investigate this 
ratio in T-males and controls. 
What disease may attack juncos whose resistance is low? A common cause of 
mortality in captive juncos is coccidiosis (pers. obs.), a protozoan that attacks the lining of the 
gut (Levine 1985, Pellerdy, 1965). Coccidiosis in chickens is caused by Eimeria spp; in 
passerines lsospora spp. are the usual cause (Petrak 1982). Birds become infected by 
ingesting oocysts. The parasites' life cycles are complex, involving several stages and 
asexual reproduction, but ultimately reproduction is sexual and new zygotes are produced. 
The zygotes develop into oocysts and are passed with the feces. Because juncos are ground 
feeders, they have ample opportunity to encounter and ingest these oocysts. 
Coccidia are present at low levels in many individual birds but do not cause 
symptoms. At times of stress, however, the parasite can multiply rapidly and cause lesions of 
the intestinal tract that prevent nutrient uptake and ultimately lead to emaciation and death 
(Turk and Stephens 1967, Turk 1974). Gross et al. (1980) fed chickens corticosterone and 
found that they were more prone to coccidiosis than controls that did not receive the 
corticosterone. Because we observed elevated corticosterone in T-males, it seems logical to 
pursue this connection. Consequently, we propose to examine the feces of free-living T-males 
and controls for incidence of coccidial oocytes and to determine whether one treatment 
group is more likely to develop symptoms when exposed to the stress of captivity (Wingfield 
et al. 1982). 
Up to this point we have assumed that the higher levels of corticosterone in T-males 
reflected elevated secretion by the adrenals. However, an alternate explanation must be 
considered. Greater plasma corticosterone could also result from a change in the 
concentration of proteins that bind corticosterone in the blood. Corticosteroid binding 
proteins (CBP) protect corticosterone from degradation in the circulation, but they bind it in a 
form that is not biologically active. Thus it is possible that secretion of corticosterone is the 
same in T-males and controls, but that circulating levels are higher in T-males because, in 
them, corticosterone is broken down less rapidly. 
In some bird species, androgens lead to an increase in CBP (Silverin 1986, Daniel and 
Assenmacher 1974, Wingfield and Farner 1980). In other birds (Peczely, 1979) and in a 
number of mammals including humans, CBP is decreased by androgens (Bradley 1987, Gala 
and Westphal 1965, Kley et al. 1973). Our assay procedure does not distinguish between 
bound and free corticosterone, making it impossible to distinguish between the possibilities of 
elevated secretion of corticosterone and increased CBP. John Wingfield has agreed to help 
make this distinction by performing an assay for CBP (see letter from Wingfield in the 
Appendix). Captives will be treated with testosterone and their CBP concentration compared 
to controls. 
Testosterone and body mass 
Our finding of lower body mass and less subcutaneous fat in males implanted with T 
in early spring is similar to the report of Marler and Moore (1988a) that male mountain spiny 
lizards treated with T lost more mass than controls (see also Dark et al. 1987, for a similar 
effect in meadow voles). It is widely known for seasonally breeding species that body mass 
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and, more particularly, fat level are lowest in summer when the gonads are enlarged. 
Therefore, we might expect some relationship between gonadal steroids and fat stores (see 
Wade and Gray 1979, for a review of the mammalian literature). 
T may reduce mass in juncos in one or more of the following ways: lowering food 
consumption, increasing activity, raising standard metabolic rate, decreasing fat synthesis, or 
increasing cost of thermoregulation. Testosterone has been shown to influence all these 
variables in birds, except, to our knowledge, food consumption (for activity, see Wada 1981, 
1982, Masa and Buttoni 1987, for metabolic rate and body temperature, see Hannsler and 
Prinzinger 1979, Feuerbacher and Prinzinger 1981, Thapliyal et al. 1983). We propose to 
study food consumption and activity in T-males and controls. Measurements of food 
consumption will be made both on captives; measurements of activity will be made on 
captives and free-living birds in the field (see section on focal male watches and use of space 
below). 
D. GENERAL PLAN OF WORK 
The study species 
Dark-eyed juncos (Junco hyemalis) are members of the avian family Emberizidae and 
are abundant and widely distributed in North America. In winter they live in flocks; during the 
breeding season males are territorial and apparently monogamous. Female juncos build the 
nest, typically on the ground, and do all the incubation. Both sexes care for nestlings and 
fledglings. Since our work began in 1983, we have color-marked over 3000 individuals. 
Fidelity to the breeding site is high among adult males and females. Yearlings do not 
disperse far from the natal site to breed (Ketterson et al. in press), so that each year most of 
the breeders are birds banded as nestlings or newly independent juveniles. Breeding lasts 
from late April to mid-August, and clutch size averages 3-4. Some pairs raise as many as 
three broods in a season, but because nest predation is so high (90% in peak years), other 
pairs fail to bring off any young at all. 
General methods 
Our general field methods are summarized in Wolf et al. (1988, 1990, 1991). In brief, 
each breeding season we capture and individually mark any unbanded adults and all young 
of the year. We search for nests and find more than 90% of them during building or laying. 
We count eggs and visit (but do not touch) the nests daily during incubation. We weigh 
nestlings (Pesola balance, nearest 0.1g) on day 0 (hatching day), day 3, day 6, and at 
fledging (day 11). We monitor fledgling survival by visiting the territories daily for the first 
three days after fledging and at three-day intervals thereafter, until the young have been out 
of the nest for 14 days. Fledglings are noisy and remain in the understory, so it is possible to 
identify the survivors individually at each census (Wolf et al. 1988). 
The study area and assignment of treatment 
Our study area is on and around the University of Virginia's Mountain Lake Biological 
Station in southwestern Virginia (see Wolf 1987 for a description). For the work described in 
this proposal, we will subdivide the study area into an experimental portion where males are 
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implanted (as T-males or controls) and an intensively studied control portion where we will 
avoid manipulations. 
In the experimental portion, half the males will be treated with T-implants and half will 
given empty implants (controls). We will continue, as we have done in the past, to block by 
age (first-year vs. experienced breeders) and habitat (wet woods, dry woods, open areas), 
and to assign treatment at random with respect to order of capture, so that we will have more 
or less equal numbers of T-males and controls of each age and in each habitat. 
For accurate measurements of paternity it is critical that our manipulations not affect 
the frequency of extra-pair fertilizations. Despite the fact that juncos tolerate handling to a 
remarkable degree -- they appear to behave normally within minutes of being bled, 
anesthetized, implanted, or injected with doubly labelled water, and while wearing radio 
transmitters -- we will ensure that our estimates of paternity are not compromised by our other 
activities. As an obvious example, we would not attempt to analyze paternity of a male that 
was wearing a radio transmitter or detained in a trap while his female was nest-building, The 
control portion of the study area will reveal how successful we have been because there will 
be no manipulations there other than bleeding when necessary. 
Hormone treatments and assays 
The implants are 20 mm lengths of silastic tubing, packed with crystalline testosterone 
(Sigma Chemical) or left empty. Ends are sealed with silastic adhesive (Dow-Corning). They 
are inserted beneath the skin along the left flank after anesthetizing the birds (Metophane). 
To check on the effectiveness of implants (and to document natural variation among 
individuals from year to year and on and off the study area), we capture the birds, take a 
blood sample (150 ul) from the wing vein, and use radioimmunoassay (RIA) to determine 
plasma concentrations of steroid hormones. Because testosterone levels are quite labile and 
increase after aggressive encounters (Wingfield and Wada 1989), we avoid the use of tapes 
and lures to recapture our subjects. Rather we catch them when they enter traps to feed of 
fly into nets that they do not see, and we process them immediately after capture. Our assay 
methods are those of Wingfield, as described in Wingfield and Farner (1975), Wingfield et al. 
(1982), and Ketterson et al. (ms b). Time of implant has varied from year to year (see Results 
from prior NSF support). In the proposed studies we will treat the birds after territories have 
formed but before pair formation, i.e., in early April. 
Plan for study of testosterone and behavior 
(1) Focal male watches 
To date, our systematic observations of the effect of T on male behavior have been 
made largely at nests containing nestlings. We will now use focal male watches to quantify 
behavior of T- and control males at other stages of reproduction, including (a) before the first 
nests of the season are built (b) during building of first and subsequent nests (when females 
are fertile), and (c) during incubation, and (d) during feeding of dependent fledglings. 
We plan to observe 15 males in each treatment group at each stage mentioned above. 
Males will be selected at random and individual watches will last at least 15 min, ideally 
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longer. The observer will be unaware of the treatment group of the focal male. We will enter 
the territory, start a stopwatch, and record how much time passes before we make contact 
with the bird. This will be a measure of how conspicuous he is. We will then record his 
behavior every 30 sec (sequential instantaneous sampling, Altmann 1974), including whether 
he is singing, foraging, flying, perched, etc. We will note heights of perches and degree of 
their exposure (e.g., sun or shade). Any relatively rare and important events will be recorded, 
whenever they occur (Morrison 1984), including interactions with intruding males, copulations, 
and encounters with a predator. We will also keep a running total of all songs. The 
observation period will end when we have lost contact with the bird for three successive 30-
sec intervals or after 30 min., whichever occurs sooner. 
Behaviors will be expressed as rates per hour or percentages of 30 sec intervals in 
which they occurred, and each watch will be treated as an independent observation. Males 
will be observed only once during each stage of reproduction, and we will attempt to observe 
each male during each stage. Treatment groups will be compared using a repeated 
measures anova to determine the effect of both stage and treatment on behavior (Ketterson 
et al. ms a). 
Preliminary data from 1990 are summarized in Table 3. We observed 8 T-males and 
18 control males for an average of 20.6 min and 18.9 min per watch, respectively. Males 
varied in stage of reproduction, but when we pooled data across stages, a few preliminary 
trends emerged. T-males sang more frequently than controls (songs/hr, 249 vs. 73, 
p=0.003), spent less time foraging (8% vs 20%, p=0.14), less time out of sight (p=0.031), 
more time perched in the sun (p=0.10) and less time in the shade (p=0.10). Finally, T-males 
spent an average 14% of the time on the ground, as compared to 45% by controls (p=0.03). 
If these trends are borne out by further data, they could be taken to indicate that T-
males are more conspicuous and spend less time feeding. This might suggest the behavioral 
basis for a fundamental conflict between mating effort and parental effort. It would also have 
implications for exposure to predation by hawks. 
(2) Use of space 
We will compare time spent off territory and use of space by tracking T-males and 
controls using radio transmitters. If testosterone increases the likelihood that males will seek 
extra-pair copulations, we might expect them to spend less time at home and more time on 
the territories of other males. These predictions would be consistent with observations in 
other species that T increases the general level of activity in the laboratory (Wada 1981, 1982, 
Massa and Buttoni 1987). 
We plan to track at least 10 males at each of the stages at which we will conduct focal 
male watches: prior to nest-building, during nestbuilding, while the female is incubating, and 
while the male is tending fledglings. Field methods will be the same as those used to gather 
preliminary data (see below). Because T may cause an increase in overall territory size or the 
number of off-territory movements by T-males, we will analyze telemetry data at a variety of 
levels. Total area over which a male ranges (home range) will be measured as a minimum 
convex polygon (Stickel 1954); this method assumes no particular distribution of data points. 
We will then measure the distance between each telemetry fix and the nest site or (prior to 
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nest-building) the center of the male's activity. These distances can be used to calculate the 
mean square distance of movements (a measure of dispersion, Spencer 1990), and they 
allow an estimate of variability in male movements (coefficient of variation of the distances). 
Finally, we will determine the number of off-territory movements. These will be defined 
objectively as movements greater than two standard deviations beyond the length of each 
male's average movements from the nest or center of activity. Since these points do not, by 
definition, group statistically with the other points, they will be considered off-territory. We will 
then compare T-males and controls for mean square distance, coefficients of variation, and 
numbers and distances of off-territory movements. 
Preliminary data were gathered in 1990. We tracked four T-males and three controls 
every 30 min from dawn until dusk for four to five days. Transmitters (Wildlife Materials, 
Carbondale, Illinois) weighed 0.8 g including attachment materials, i.e., < 4% of a junco's wet 
weight. These were attached to the back using a combination of eyelash cement, fabric, and 
super glue (after Raim 1980). All of each bird's locations were flagged, and later we made an 
accurate map of these locations using a meter tape and a compass. Minimum area polygons 
were calculated from the maps using a software program known as McPaal. The locations 
were also plotted in three-dimensional space (Systat, Inc.) to give an impression of which 
locations were used most frequently (Fig. 4). 
We learned that our methods are feasible. First, no bird lost its transmitter. Second, all 
birds appeared to behave normally and did not lose body mass. Third, two or three days of 
tracking gave a good indication of an individual's use of space, as indicated by the fact that 
the areas of their polygons reached an asymptote after 40 to 60 readings. This fact will allow 
us to remove transmitters at that point, and therefore a single transmitter will serve to track 
several birds. 
As for findings of substance, we learned that males ranged much more widely than we 
had guessed based on our daily notations of where we saw them (Table 4, Figure 4). Every 
male but one was observed "off territory," and home range size varied substantially among 
individuals. Further, despite the very small samples, T-males appeared to range more widely 
than controls (see Table 4, Figure 4). The average area of T-males was 52,342 m 2 , while that 
for controls was 14,887m 2 . With one exception, all T-males had larger home ranges than 
controls. However, the birds were at different stages of reproduction and obviously we must 
increase sample size and compare only within stages of reproduction. 
Testosterone and paternity 
Paternity and relative fertilization success will be measured by DNA fingerprinting. The 
blood samples that we take for hormonal determinations can also be used to determine 
genetic relatedness. The nucleated red blood cells are separated from the plasma using a 
clinical centrifuge. The plasma is frozen, and the red blood cells are blown into a phosphate-
buffered saline PBS/EDTA/Na azide solution. The cells are spun once in an Eppendorf 
centrifuge and resuspended in another volume of the PBS solution and stored at 4 degrees 
C. 
In the first year of the project, the fingerprinting will be done at Purdue University by 
Dr. Rabenold who uses a standard protocol (Rabenold et al. 1990, 1991 a,b,c). In years two 
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and three the fingerprinting will move to Indiana, although Rabenold will remain heavily 
involved during year two to ensure an effective transfer (see Budget Justification). 
Briefly, Rabenold isolates nuclear DNA with proteinase K, SDS, and 
phenol:chloroform:isoamyl alcohol extractions. Typical yields from juncos are 400 ug of DNA 
per 50 ul of blood. The DNA is digested with a restriction enzyme, e.g., Hae III, and run on 
an agarose gel. Alkaline denaturation and Southern blotting cause the DNA fragments to 
transfer from the gel to a nylon membrane. Hybridization is accomplished with radiolabelled 
probes, either Jeffreys' probes 33.15 or 33.16, or M13. After hybridization, the filters are 
exposed to x-ray film for approximately one week. They are then re-hybridized with an 
alternate probe and autoradiographed again. All three probes have yielded excellent results 
when used with junco genomic plots (see Fig. 5). 
Putative parents and their offspring are run on the same gel, along with males from the 
neighborhood. When bands are found in the offspring that cannot be found in either putative 
parent and the pattern is consistent across enzyme or probe comparisons, the treatment 
group of the excluded male is noted. Thus far (see below), only males have been excluded. 
Young of excluded males are then run on another gel along with potential fathers to see if a 
match can be found. As data emerge, we will generate statistical measures of confidence for 
both exclusions and assignments of parentage (see Rabenold et al. 1990). 
Preliminary data from 1990 indicate that the research is feasible. Adult males were 
bled at implant, and we succeeded in bleeding all the males on the experimental portion of 
the study area and many that settled nearby. Females were bled either in early spring or after 
they had begun to nest. Many nesting attempts ended in predation, but we bled all nestlings 
that survived to 7 days of age (where hatching day equals day 0), the earliest age at which 
we felt we could get a sample without harming them. We later checked for any delayed 
effects of bleeding and found no difference in mass between the nestlings that were bled this 
year and in earlier years (compare Wolf et al 1988). 
In all, we bled 262 individuals, including 25 complete families, i.e., male, female, and all 
their ostensible offspring. T-males were the putative fathers in six of the families, control 
males were the putative fathers in eleven, and eight of the families were from the untreated 
portion of the study area. The number bled also included 70 males and 36 females not known 
to have produced offspring. This represents the minimum sample to be expected per year of 
the study, because the nest predation rate in 1990 was unusually high (90% of nests lost 
prior to fledging, highest rate in eight years of study). In more typical years, we could expect 
at least to double the number of families sampled. 
Time and money have permitted only the most limited analysis of these samples. In 
October 1990, we ran two gels of 24 individuals each; these birds included six families living 
on contiguous territories. Family size ranged from a pair that produced 11 young in three 
broods, to a pair that produced a single young. There were six putative fathers, five putative 
mothers (one female had two different mates in succession), and 32 offspring. In addition, the 
gels included five males from the neighborhood. Some of the neighborhood males had 
produced young on their own territories, while others had not. We hoped that any offspring 
that could not be assigned to their putative fathers could be assigned to one of the five 
neighborhood males. 
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Only a single enzyme-probe combination was performed, so the results are quite 
preliminary. Nevertheless, we did find six offspring that do not appear to have been sired by 
their putative fathers (see Fig. 5). The banding patterns of each of the six young in question 
had between five and seven fragments that could not be attributed to either of their putative 
parents. For each, the proportion of bands shared with their putative mothers was > 55%, 
whereas with putative fathers it was < 30%. The banding patterns of some of the 
neighboring males strongly indicate that they may have been the genetic fathers of the 
excluded young, although we cannot be confident of this until the males and the excluded 
young are run on adjacent lanes. If they prove to be the fathers, this would suggest that 
when females are inseminated by males other than their social mates, these males live nearby 
(e.g., are not floaters). 
The preliminary data do not reveal whether testosterone increases a male's likelihood 
of extra-pair fertilizations. Both T-males and controls behaved parentally toward offspring 
that they did not sire, and both a T-male and a control appear to be candidates as the actual 
fathers of those offspring. These numbers are summarized in order to indicate the ways in 
which future results can be analyzed. 
Occurrence of exclusion 
6 of 32 offspring excluded, 19% 
3 of 11 broods with at least one excluded offspring, 27% 
2 of 5 females inseminated by males other than their mates, 40% 
3 of 6 males cared for at least 1 offspring not their own, 50% 
Relationship to testosterone 
1 of 4 control males cared for excluded young, 25% 
2 of 2 T-males cared for excluded young, 50% 
1 of 4 T-males fathered offspring in the nests of other males, 25% 
1 of 7 control males fathered offspring in the nests of other males, 14% 
Summary of relationship between putative and actual paternity (n=young putatively and 
actually sired) for four T-males and five controls 
male 
T-males 
putative 	 actual putative 
C-males 
actual 
#1 6 4 3 0 
#2 6 5 11 11 
#3 0 4 1 1 
#4 0 0 5 7 
#5 0 0 
total 12 13 20 Ts 
mean 3.0 3.2 4.0 3.8 
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Fertility 
We will compare the treatment groups for occurrence and relative density of sperm 
using cloacal lavage, a simple technique in which an aliquot of water is inserted into the 
cloaca using the tip of an Eppendorf pipette. The water is drawn out again, and the contents 
are placed on a microscope slide, air dried, and observed with a phase contrast microscope 
(Quay 1984, 1985, 1986, 1987). We will do this on free-living males and on a set of captives 
given three different dosages (implant lengths) of T at two times of year (February, May). The 
captives will also be checked for relative gonadal size by laparotomy (a procedure we have 
used often, Ketterson and Nolan 1985). As noted, we have also asked John C. Wingfield, 
University of Washington, to assay our plasma samples for gonadotropins, and he has 
agreed (see Appendices). 
Testosterone and physiology 
Activity levels and food consumption of captive T-males and controls will be measured 
as follows. Ten males of each treatment will be captured off the study area, implanted, and 
caged individually. The cages are equipped with microswitches connected to an Apple II 
microcomputer. We have frequently used this set up to measure nocturnal restlessness 
(Zugunruhe) in juncos (Ketterson and Nolan 1987a 1987b, Nolan and Ketterson 1990), and 
the same set-up can be used to measure perch-hopping activity during the day. Each 
day,each male will be provided with a fixed amount of millet seed (ca. 5g) and a fixed number 
of mealworms (e.g., 50). Activity levels and food consumption will be measured for five days, 
and the birds returned to the field. We know from preliminary data (Ketterson et al. ms. b) 
that the implants we use cause changes in testosterone and corticosterone within 24 hours, 
so design should reveal whether T also affects food consumption and activity. Combined 
with data from the focal male watches (see above) that compare T-males and controls for 
time spent foraging, flying, etc., cage studies should give us a clearer picture of how T 
influences time allocation and energy balance. 
Finally, we will compare treatment groups for CBP to determine whether higher plasma 
concentrations of corticosterone indicate greater rates of secretion. The assay will be done in 
collaboration with Dr. Wingfield at the University of Washington (see his letter in appendices). 
If we find that secretion appears to be greater in T males, we will proceed with determining 
whether there are links connecting testosterone, corticosterone, an susceptibility to disease. 
Ratios of heterophil to lymphocytes will be used as indicator os condition and will be 
determined form blood samples taken from free-living T-males and controls following the 
methods of Gross (1984) and Campbell (1988). Dr. Gross is a member of the faculty at 
Virginia Polytechnical University at Blacksburg, Virginia, which is 20 miles from our field 
station. During the summer of 1990 he taught us how to identify and count these cells with a 
hemacytometer, and he agreed to give us further help if needed during the summer of 1991. 
We will also collect fecal samples from free-living males of both treatments and use 
commercial flotation kits (Fecalyzer) to detect the presence of coccidial oocysts. In aviaries 
and cages, oocysts may accumulate over time. Therefore, before introducing males into a 
cage we will line the bottom with a plastic lining. Free-living males come readily to bait pile 
and feed (and defecate), while being observed closely. We will maintain bait piles at field 
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locations, put down a new substrate and fresh bait, observe with a telescope, and collect 
feces after males defecate. We have no preliminary data for this portion of the project 
beyond having practiced the methods during the summer of 1990, so where we go with this 
last portion of the project will depend in large part on our findings in 1991. 
E. SIGNIFICANCE 
A central question in evolutionary biology is whether natural selection acts upon 
organisms or traits (Travis 1989), and one of our primary goals is to further understanding of 
how organisms come to function as integrated units. It can be no accident that hormones 
have such diverse effects on the phenotype, and we believe that experimental studies of 
associations among fitness-related traits with a common physiological cause can contribute 
significantly to knowledge of how evolution shapes organismal function. By asking how 
hormonal treatment and its phenotypic consequences relate to male reproductive success, 
we hope to examine the underpinnings of the trade-offs involved in the maintenance of life 
history characteristics. 
This study builds upon 15 years of studying juncos (e.g., Ketterson and Nolan 1976, 
1978, 1983), seven years of demographic information on this population (Ketterson et al. in 
press), and a solid understanding of the relationship between male parental behavior and 
male reproductive success (Wolf et al. 1988, 1989, 1991, Ketterson et al. 1990, ms a. b.). It 
will provide new information on the effect of testosterone on functional traits such as 
allocation of time to foraging and display, use of space, and resistance to disease, and it will 
be the first to ask whether testosterone affects the frequency of extra-pair fertilizations. The 
fact that much of this work will be carried out in the field will contribute to the study's 
significance, since field studies of experimentally treated but free living birds are relatively 
rare, and the field is the ultimate proving ground for our ideas about evolution. 
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V. TABLES AND FIGURES 
TABLE 1 
COMPARISON OF CORRELATES OF FITNESS BETWEEN PAIRS IN WHICH MALE IMPLANTS 
CONTAINED TESTOSTERONE (T-PAIRS) AND PAIRS IN WHICH IMPLANTS WERE EMPTY 
(CONTROLS) 
T-PAIRS 
	 CONTROLS 
x (n) s.e. x 	 (n) s.e. P 
# eggs, Clutch A 3.8 (25) 0.09 4.1 (17) 0.15 0.140 
# hatched, Clutch A 3.5 (27) 0.12 3.5 (18) 0.22 0.696 
# at day-10, Clutch A 3.1 (26) 0.18 3.3 (15) 0.25 0.460 
Nestling mass, day 10 (g) 16.9 (21) 0.26 17.2 (15) 0.28 0.390 
Female mass, day 10 (g) 20.4 (20) 0.26 20.3 (14) 0.22 0.680 
Renesting interval 8.2 (16) 0.95 7.1 (15) 0.66 0.350 
# eggs, Clutch B 3.6 (14) 0.13 3.4 (11) 0.25 0.870 
# hatched, Clutch B 3.2 (9) 0.41 3.4 (11) 0.25 0.870 
NOTE.-Comparisons by Mann-Whitney U, except for the variables nestling mass, female 
mass, and renesting interval, in which t-test was used. 
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TABLE 2 - POWER OF TESTS REPORTED IN TABLE 1 
Variable 	 % 	 n' 	 o' 	 n 	 power 
# eggs, clutch A 
# hatched, clutch A 
# at day 10, clutch A 
nestling mass, day 10 
female mass, day 10 
renesting interval 
# eggs, clutch B 
# hatch, clutch B 
10% 	 20.2 	 0.550 	 30 	 63% 
20% 	 <9 	 99% 
30% 	 <9 	 >99% 
10% 	 21.6 	 0.794 	 85 	 30% 
20% 	 19 	 80% 
30% 	 10 	 98% 
10% 	 19.0 	 0.943 	 137 	 18% 
20% 	 33 	 55% 
30% 	 13 	 88% 
10% 	 17.5 	 1.139 	 <9 	 >98% 
20% 	 <9 	 >98% 
30% 	 <9 	 >98% 
10% 	 16.5 	 1.007 	 <9 	 >97% 
20% 	 <9 	 >97% 
30% 	 <9 	 >97% 
10% 	 15.5 	 3.238 	 351 	 8% 
20% 	 86 	 22% 
30% 	 38 	 42% 
10% 	 12.3 	 0.680 	 64 	 21% 
20% 	 17 	 65% 
30% 	 <9 	 >90% 
10% 	 10 	 1.049 	 157 	 11% 
20% 	 39 	 27% 
30% 	 21 	 51% 
For the variables in Table 1, we used the tables in Cohen (1988) to calculate (a) the 
sample sizes that would have been required to detect differences between the means of 10%, 
20% and 30% differences with a power of 80% and (b) power of our t-tests to detect differences 
of the same magnitudes. For all comparisons to type 1 error was fixed at 0.05 (two-tailed). 
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TABLE 3 
FOCAL MALE WATCHES - PRELIMINARY DATA 
x 
T-males 
s.e. 	 (n) 
Controls 
x 	 s.e. (n) p 
Duration (min) 20.6 3.96 8 18.9 2.45 18 0.709 
Songs/hr 248.6 1.56 8 73.0 30.88 15 0.003** 
% foraging 8.0 2.65 7 19.9 5.57 12 0.138 
% out of sight 0.5 0.46 8 7.3 1.96 18 0.031 * 
% in sun 61.2 14.16 7 34.7 8.28 14 0.101 
% in shade 38.8 14.16 7 65.3 8.28 14 0.101 
% on ground 14.5 3.84 7 44.6 11.21 13 0.023* 
Comparisons by t-test, treatments did not differ in percent time preening (p < 0.65), flying (p < 
0.74), or sitting (p < 0.46). 
TABLE 4 
RESULTS OF RADIOTELEMETRY OF MALE DARK-EYED JUNCOS AT MOUNTAIN LAKE 
(SUMMER 1990) 
Individual Trt Home Range (m 2) n Nest Status 
STN 55 T 138,360 95 inc.-failed 
STN 56 T 26,990 67 incubating 
HTL 30 T 24,530 42 feeding 
HTL 28 T 19,490 69 inc.-feeding 
HTL 26 C 23,230 55 incubating 
HP 1 C 14,630 52 feeding 
WVN 86 CC 6,801 82 feeding 
Overall mean: 36,290 (±17,206 SE) 
T (T-male) mean: 52,642 (±28,714 SE) 
C (control male), CC (an untreated control male) mean: 14,887 (±4,744 SE). 
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Fig. 1, part 1. Effect of testosterone treatment on male song rate, according to age of the 
nestlings. T-males Implanted with testosterone, C-males were controls with empty 
Implants. Intervals refer to the ages of nestlings. Interval 1 zs days 0-3, interval 2 = days 
4-7, Interval 3 = days 8-10. 
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Fig. 1, part 2. Effect of testosterone on the percentage of feedings made by males. 
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Fig. 1, part 3. Effect of testosterone treatment on rates on food delivery to the nest by males and 
females, according to nestling age. 
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Fig. 2, part 1. Testosterone concentration (ng/mI, x + 1 s.e.) of free-living male and female dark-
eyed juncos classified accorcing to treatment of the male (T=T-implanted males, 
C=control males with empty implants). Sample sizes are displayed In histogram bars. 
AJI juncos had nestlings at the time of sampling. 
Fig. 2, part 2. Corticosterone concentration (ng/rnl, x ± 1 s.e.) of free-living male and female 
dark-eyed juncos classified according to treatment of the male (F=T-implanted males, 
C=control males). Sample sizes are displayed in histogram bars. All juncos had 
nestlings at the time of sampling. 
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AT IMPLANT 	 AT RECAPTURE 
Fig. 2, part 3. Body mass (x ± 1 s.e.) of free-living dark-eyed juncos at the time they were 
implanted in March-April and upon recapture in the last half of April. T and C refer to 
testosterone-filled and empty implants, respectively. T-males lost more mass between 
implant and recapture than controls did. 
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those induced by T-implants (Fig. 2, part 1). 
Fig. 4. Three-dimensional representations of the home-ranges of five male juncos. Each 
diagram is 600 m on a side, and the height of each represents the frequency of telemetry 
fixes at each location. The upper three are T-males and the lower two are a control with 
an empty implant and an untreated control. 
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Fig. 5. DNA fingerprints of dark-eyed juncos produced by hybridization of HaeIII genomic blots 
with M13, representing all reproduction on a single territory during the 1990 breeding season. 
Originally, an adult male M1 (lane 1) nested with an adult female F (lane 3) and produced a brood of 
three (N1, N2, and N3). After the disappearance of Ml, F renested with a different adult male M2, 
with whom she produced two broods totalling 6 offspring (N4 - N9). In testing parentage of the first 
brood, the putative father M1 can be excluded for all 3 young; particularly important bands in this 
determination are marked with arrows. F can be provisionally assigned as mother for all because she 
can account for the majority of fragments in each offspring pattern. In the second and third broods 
M2 and F can account for the complete pattern of all nestlings except N6. who also shares many 
fragments with F but few with the putative father. Interestingly, N1-N3 and N6 share many of the 
bands not contributed by their putative parents, suggesting that they may be offspring of a single 
male who repeatedly gained EPFs with F. The banding pattern of a single neighborhood male 
tentatively provides these fragments, and we are currently running this male and other neighborhood 
males with these 4 offspring and F to determine paternity. 
